An inducible system has been established in Nicotiana tabacum plants allowing controlled expression of Sar1-GTP and thus the investigation of protein dynamics after inhibition of endoplasmic reticulum (ER) to Golgi transport. Complete Golgi disassembly and redistribution of Golgi markers into the ER was observed within 18-24h after induction. At the ultrastructural level Sar1-GTP expression led to a decrease in Golgi stack size followed by Golgi fragmentation and accumulation of vesicle remnants. Induction of Sar1-GTP resulted in redistribution of the green fluorescent protein (GFP)-tagged Arabidopsis golgins AtCASP and GC1 (golgin candidate 1, an Arabidopsis golgin 84 isoform) into the ER or cytoplasm, respectively. Additionally, both fusion proteins were observed in punctate structures, which co-located with a yellow fluorescent protein (YFP)-tagged version of Sar1-GTP. The Sar1-GTPinducible system is compared with constitutive Sar1-GTP expression and brefeldin A treatment, and its potential for the study of the composition of ER exit sites and early cis-Golgi structures is discussed.
Introduction
Protein folding, quality control, and processing in cells take place in a complex, compartmentalized endomembrane system. In plants it consists of the endoplasmic reticulum (ER), the Golgi apparatus, the vacuolar system, and the plasma membrane Foresti and Denecke, 2008) . The Golgi apparatus occupies a central role, as it is responsible not only for protein modification and distribution but also for the synthesis of complex cell wall polysaccharides, membrane lipids, and glycolipids (Andreeva et al., 1998; Hawes, 2005) . In plant cells the Golgi apparatus consists of distinct Golgi stacks, sometimes up to hundreds in a single cell, that move in an actindependent manner (Boevink et al., 1998; Nebenfü hr et al., 1999; Brandizzi et al., 2002) with the surface of the ER Hawes et al., 2008) . A stack usually contains 5-8 cisternae and exhibits cis to trans polarity (Staehelin and Moore, 1995) with the cis-face receiving protein cargo from specialized ER subdomains known as ER exit sites (ERES; Kirk and Ward, 2007; Hawes et al., 2008) . In tobacco leaf epidermal cells and BY-2 suspensioncultured cells the ERES and Golgi stacks form a mobile secretory unit that appears to be permanently attached to the ER surface (daSilva et al., 2004; Hanton et al., 2009; Sparkes et al., 2009) . However, it has been suggested that the relationship between Golgi stacks in some other tissues and cell types such as root tip meristems and, in one report, BY-2 cells (Yang et al., 2005) appears to be more transient in nature.
In animal cells a family of Golgi-located long coiled-coil proteins, the golgins, are involved in the formation and maintenance of Golgi stack structure by acting as tethering factors for membranous cargo carriers, cisternal compartments, or other regulatory proteins (Barr and Short, 2003; Short et al., 2005; Sztul and Lupashin, 2006) . The existence of a structural scaffold or Golgi 'matrix' has also been predicted in plants after electron microscopy revealed the existence of intercisternal elements and a ribosomeexcluding zone surrounding the stack (Kristen, 1978; Staehelin and Moore, 1995) . Putative plant Golgi matrix proteins might not only play a role in maintaining integrity and polarity of Golgi stacks as they move through the cytoplasm, but might also provide a physical connection between the Golgi stack and the ER surface . Arabidopsis homologues of many of the golgins have been identified and localized to the Golgi apparatus (Gilson et al., 2004; Latijnhouwers et al., 2005a Latijnhouwers et al., , b, 2007 Renna et al., 2005; Matheson et al., 2007; Kang and Staehelin, 2008) . Whereas peripheral golgins such as AtGRIP interact with small GTPases to obtain Golgi location (Latijnhouwers et al., 2005b; Stefano et al., 2006b) , other golgins such as AtCASP and the two isoforms of golgin-84 (golgin candidate GC1 and GC2) contain a type II transmembrane domain, which for AtCASP has been shown to be sufficient for Golgi targeting . The function of plant golgins largely remains open to speculation, although a role for Atp115 in ER to Golgi protein transport has been suggested .
A widely accepted model for the main ER to Golgi transport route involves sequential action of COPII coat proteins (Gurkan et al., 2006; Kirk and Ward, 2007) . COPII coat assembly is initiated by activation of the small GTPase Sar1p through its specific GTP-exchange factor (GEF) Sec12p, a membrane-bound protein, which in plant cells appears to be distributed over the whole ER surface (daSilva et al., 2004) . Activated Sar1-GTP recruits the COPII coat subunits Sec23p and Sec24p, which then interact with the COPII coat proteins Sec13p and Sec31p to form a cage-like structure (Gurkan et al., 2006) . Homologues of all the COPII coat proteins have been identified in plants (d'Enfert et al., 1992; Bar-Peled and Raikhel, 1997; Takeuchi et al., 1998; Movafeghi et al., 1999; Kato et al., 2000; Yang et al., 2005; Stefano et al., 2006a) , but the nature of COPII carriers remains the subject of vigorous debate Hawes et al., 2008; Kang and Staehelin, 2008; Staehelin and Kang, 2008 ). Yet the basic mechanics appear to be conserved, as a constitutively active GTP-locked mutant form of Sar1p leads to inhibition of protein transport (Andreeva et al., 2000; Takeuchi et al., 2000; Phillipson et al., 2001; daSilva et al., 2004; Hanton et al., 2008) .
Interfering with COPII or COPI coat assembly results in inhibition of protein transport and a collapse of Golgi membranes, thus facilitating the study of protein location and dynamics within the secretory pathway. A commonly used method to inhibit COPI coat formation is treatment of cells with the fungal metabolite brefeldin A (BFA), which stabilizes a low-affinity Arf-GDP-Sec7 domain protein complex (Peyroche et al., 1999) , thus leading to a release of COPI coatomer (Donaldson et al., 1990; Nebenfü hr et al., 2002) . In plants, BFA targets a BFA-sensitive Sec7-type GEF that is necessary for activation of the small COPI GTPase Arf1p , resulting in dissociation of COPI coat proteins from Golgi membranes and redistribution of Golgi markers such as sialyltransferase-green fluorescent protein (ST-GFP) or ERD2-GFP into the ER (Boevink et al., 1998; Saint-Jore et al., 2002) . Upon BFA treatment, proteins travelling through the secretory pathway and Golgi-resident proteins are relocated into the ER (Boevink et al., 1999; Ritzenthaler et al., 2002; Saint-Jore et al., 2002) . However, BFA treatment may lead to unwanted side effects by acting on different targets within the cell Merigout et al., 2002; Robinson et al., 2008) . An alternative to drug treatment is therefore to use a genetically encoded block such as overexpression of Sec12 (Phillipson et al., 2001) , or dominant-negative mutant versions of small Rab, COPI, and COPII GTPases involved in ER to Golgi trafficking. Expression of those GTP-or GDP-locked enzymes interferes with the dynamic equilibrium created by simultaneous anterograde and retrograde transport between the ER and the Golgi apparatus and leads to relocation of marker proteins (Andreeva et al., 2000; Batoko et al., 2000; Takeuchi et al., 2000 Takeuchi et al., , 2002 daSilva et al., 2004; Zheng et al., 2005) .
Prolonged expression of these mutant proteins is toxic to cells, which can cause problems with expression experiments over a long time frame or trying to generate stable plants expressing a specific dominant-negative mutant. In order to facilitate the study of dynamics of Golgi-resident proteins after blockage of ER export and the resulting deconstruction of the Golgi apparatus, a system has been established in Nicotiana tabacum with Sar1-GTP inserted under control of a dexamethasone-inducible promoter . Such a system enabled the generation of stable tobacco plants, in which marker proteins and other regulatory and structural Golgi proteins were then expressed.
Materials and methods

Construct preparation
Standard molecular techniques were used as described (Sambrook and Russell, 2001) . To create the second vector of the inducible system Sar1-GTP-pV-TOP, Sar1-GTP was amplified from the binary vector Sar1-GTP-pVKH18-En6 (daSilva et al., 2004) by PCR introducing the restriction sites SalI and BamHI (Sar1GTP-SalF 5#-GGC TTT ATT GTC GAC ATG TTC TTG GTA GAT  TGG TTC-3#; 5#-TGG TAC GAC GGA TCC TTA CTT GAT  ATA CTG AGA CAT-3#) and inserted into the inducible vector pV-TOP (Craft et al., 2005) . To create Sar1p-GTP-yellow fluorescent protein (YFP), YFP was amplified by PCR from the plasmid ERD2-YFP-pVKH18en6 , introducing BamHI sites at both termini and an additional SalI site at the C-terminus. The correct orientation of the insert was confirmed by restriction digestion with SalI and BamHI.
Plant material and expression of constructs
To create stable inducible LhGR-Sar1GTP tobacco plants, two stable tobacco plants (line NII) expressing the LhGR plasmid were infiltrated with Sar1-GTP-pVTOP at OD 600 ¼0.03. Stable plants were created from leaf discs as described recently (Sparkes et al., 2006) using hygromycin (15 mg l À1 ) and kanamycin (30 mg l À1 ) as selection. All NII, LhGR-Sar1GTP, and wild-type N. tabacum lines were grown at 21°C with a 14 h light and 8 h dark regime. For chemical fixation of roots, LhGR-Sar1GTP and NII seeds were put on Petri dishes containing 1/2 MS medium with hygromycin and kanamycin and grown vertically for 10 d under the same conditions as described above. Agrobacterium-mediated transfection of tobacco leaf epidermal cells was performed as described recently (Sparkes et al., 2006) . Sar1-GTP-pV-TOP was infiltrated at OD 600 ¼0.03, Sar1-GTP-YFP-pVTOP at OD 600 ¼0.03-0.05, ST-cyan fluorescent protein (CFP)/GFP and AtERD-GFP at OD 600 ¼0.05, and GFP-AtCASP and GFP-GC1 at OD 600 ¼0.1.
Dexamethasone treatment
Dexamethasone (Sigma, UK) was dissolved in dimethylsulphoxide (DMSO) at 100 mg ml À1 and the stock solution was aliquoted and stored at -20°C. For induction, a 20 lg ml À1 dexamethasone working solution with 0.02% Silwet Ò Copolymer L77 (OSi Specialties, UK) was made up freshly before use. The working solution was painted with a paint brush on the abaxial side of the leaf . To induce Sar1-GTP in roots, dexamethasone working solution was poured into the Petri dishes so that it formed a layer on the medium surface and covered the roots.
Confocal imaging
Samples were analysed 2-4 d after infiltration using an inverted Zeiss LSM 510 confocal laser scanning microscope (CLSM; Welwyn Garden City, UK). Images were collected using 340, 363, and 3100 oil immersion objectives. GFP alone or in combination with YFP, and CFP in combination with YFP were imaged as described . Appropriate controls were performed to exclude the possibility of cross-talk and bleedthrough between fluorophores. For imaging GFP in combination with monomeric red fluorescent protein (mRFP), excitation lines of an argon ion laser of 488 nm and a helium ion laser of 543 nm were used alternately with line switching, using the multitrack facility of the CLSM. Fluorescence was detected using a 488/ 543 nm dichroic beam splitter, a 505-530 nm band pass filter for GFP, and a 560-615 nm band pass filter for mRFP. For imaging of triple labelling with GFP, YFP, and mRFP constructs, excitation lines of an argon ion laser of 458 nm and 514 nm, and a helium ion laser of 543 nm were used with switching after each frame, using the multitrack facility of the CLSM. Fluorescence of GFP and YFP was detected using a 458/514 dichroic beam splitter, a 475-525 nm bandpass filter for GFP, and a 530-600 nm band pass filter for YFP. Fluorescence of mRFP was detected using a 458/543 nm dichroic beam splitter and a 560-615 nm bandpass filter.
Drug treatments
To stop Golgi movement, tobacco leaf samples were treated with the actin-depolymerizing agent latrunculin B . Latrunculin B (Calbiochem, UK) was dissolved in DMSO at 1 mM and stored at -20°C. Leaf samples were incubated in a 25 lM working solution for at least 15 min, until Golgi movement had stopped.
BFA treatment of tobacco leaf samples was carried out as described recently . BFA was dissolved in DMSO at 10 mg ml À1 and stored at -20°C. Tobacco leaf pieces with a size of ;333 mm were cut out and incubated for 30 min to 2 h in a freshly prepared 100 lg ml À1 BFA working solution until Golgi markers had been completely redistributed to the ER.
Electron microscopy
Leaf pieces and root tips were chemically fixed in 1% glutaraldehyde and 1% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 6.9, washed in this buffer three times, and post-fixed in 2% aqueous osmium tetroxide for 90 min (based on SatiatJeunemaitre et al., 1996; Langhans et al., 2007) . Afterwards samples were washed four times in water and then block-stained overnight in 1% aqueous uranyl acetate (Hayat, 1975) . Samples were dehydrated in acetone, embedded in Spurr resin (Spurr, 1969) , and sectioned with an RMC PowerTome XL ultramicrotome. Post-staining was carried out in 1-3% uranyl acetate in methanol and lead citrate for 5-10 min (Robinson et al., 1985) . Micrographs were taken with a JEOL 1200EX or an Hitachi H-7650 transmission electron microscope.
High-pressure freezing Samples were high-pressure frozen using a Baltec HPF010 and freeze-substituted in the presence of 2% osmium using an AFS apparatus (Leica) as described by Tse et al. (2006) . After freeze substitution, sections were embedded in Spurr resin, sectioned, and post-stained as described above.
Measuring Golgi stack diameter
The size of Golgi remnants after Sar1-GTP induction and BFA treatment was measured using the Java image processing program ImageJ (http://rsb.info.nih.gov/ij/). The cisternal diameter of Golgi stacks after Sar1-GTP expression was measured using the Gatan DM3 Reader plugin for ImageJ.
Results
Transient expression of inducible Sar1-GTP in tobacco leaf epidermal cells A commonly used plant Golgi marker consists of a fusion between the 52 N-terminal amino acids of a rat ST including the transmembrane domain (Boevink et al., 1998) and a fluorophore, e.g. CFP . ST-CFP expressed in tobacco leaf epidermal cells located to punctate structures resembling Golgi bodies (Fig. 1A) . In cells expressing both ST-CFP and Sar1-GTP, ST-CFP fluorescence was redistributed into the ER ( Fig. 1B; daSilva et al., 2004) . The toxicity of Sar1-GTP was reflected in the high number of dead cells in Sar1-GTP-infiltrated leaf samples compared with control samples only expressing the Golgi marker. Agrobacterium-infiltrated leaf regions appeared yellow or transparent and shrivelled after prolonged Sar1-GTP expression ( Supplementary Fig. S1 available at JXB online). These drastic effects of Sar1-GTP on the cells emphasized the need for controlled Sar1-GTP expression.
For this study, the recently described two-vector dexamethasone-inducible promoter system was chosen . It does not affect plant development and provides tight regulation of gene expression as well as high sensitivity to the chemical inducer dexamethasone. Sar1-GTP was inserted into the inducible vector pV-TOP (Craft et al., 2005) and the effectiveness of the construct was first tested by transient expression in epidermal leaf cells of a stable tobacco line NII containing the 35S-LhGR-N plasmid encoding a fusion between the ligand-binding domain of the rat glucocorticoid receptor (GR) and a transcription activator. Tobacco cells were transfected with ST-GFP and Sar1-GTP-pV-TOP. Before Sar1-GTP induction, ST-GFP labelled the Golgi bodies and in ;25% of cells the ER network (Fig. 1C) , probably due to high ST-GFP expression levels. The abaxial leaf sides were then painted with a 20 lg ml À1 dexamethasone working solution using a paint brush. After 8 h, most cells showed extensive ER labelling, indicating that Sar1-GTP expression was blocking ER to Golgi transport (Fig. 1D) . From 9 h onwards dexamethasone-treated leaf regions looked dry and transparent and started to exhibit necrotic lesions, resembling the phenotype of leaves constitutively expressing 35S-Sar1-GTP as described above. Golgi labelling of ST-GFP expressed in NII tobacco leaf epidermal cells without Sar1-GTP-pV-TOP (Fig. 1E ) as control was unaffected by dexamethasone treatment (Fig. 1F) .
Induction of Sar1-GTP in stable tobacco plants
After confirming the effectiveness of Sar1-GTP under control of the inducible promoter, NII tobacco leaves were transfected with Sar1-GTP-pV-TOP and stable tobacco plants were created from leaf explants (Sparkes et al., 2006) containing both plasmids. To test the stable LhGRSar1GTP tobacco plants, leaf epidermal cells were infiltrated with the Golgi marker ST-GFP (Boevink et al., 1998) . After 3 d, ST-GFP labelled Golgi bodies ( Fig. 2A ). Leaves were then induced with dexamethasone and leaf samples were analysed every 2 h using confocal microscopy. After 4 h and subsequently up to 10 h ( Fig. 2B-E) , the level of ST-GFP fluorescence in the ER increased. After 12 h, cells with complete ST-GFP redistribution into the ER were observed (Fig. 2F) , and the number of such cells increased over the next few hours (Fig. 2G, H) . At 18 h after Sar1-GTP induction, the ST-GFP signal had been redistributed into the ER in the majority of cells (Fig. 2I ). In parallel, ST-GFP was transiently expressed in a control NII tobacco plant stably expressing 35S-LhGR-N and not Sar1-GTP-pV-TOP (Fig. 2J) , and the leaf was painted with dexamethasone. No change in fluorescence was found after 8 h (Fig. 2K ) or 18 h (Fig. 2L) .
To confirm the efficiency of the stable Sar1-GTPinducible plants, leaves were transfected with the Golgi marker ERD2-GFP (Boevink et al., 1998) . AtERD2 is the Arabidopsis homologue of the yeast ER retention receptor (Lee et al., 1993) . Before dexamethasone treatment, ERD2-GFP fluorescence was observed in the Golgi and to a lesser extent in the tubular ER network, as described in earlier studies (Fig. 2M ). After LhGR-Sar1GTP tobacco leaves expressing ERD2-GFP were treated with dexamethasone, the fluorescent signal was redistributed into the ER (Fig. 2N ). To confirm that dexamethasone did not affect Golgi localization of ERD2-GFP, wild-type tobacco leaf epidermal cells expressing ERD2-GFP were treated with dexamethasone. No change in labelling was observed (Fig. 2O ).
Visualization of induction by transient expression of Sar1-GTP-YFP in NII plants
To visualize Sar1-GTP expression and get a better understanding of its dynamics during induction, eYFP was 
lm intervals). (E and F)
When NII tobacco cells expressing ST-GFP without Sar1-GTP-pV-TOP were treated with dexamethasone, no effect on Golgi labelling was observed. Scale bars¼50 lm. (E) ST-GFP localization before dexamethasone treatment. (F) At 9 h after dexamethasone treatment, Golgi labelling remains unaffected. 
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fused to the C-terminus of inducible Sar1-GTP to create Sar1-GTP-YFP-pV-TOP, and the new construct was tested transiently in NII tobacco leaf epidermal cells together with ST-CFP. Before dexamethasone application, ST-CFP labelled the Golgi bodies and no signal for Sar1-GTP-YFP was detected, showing that the system was stringent (Fig. 3A) . Leaves were then treated with dexamethasone and leaf samples were analysed every hour. At 2 h after induction, Sar1-GTP-YFP fluorescence was found in mobile punctate structures that co-located with ST-CFP (Fig. 3B, arrowheads) . During the time course Sar1-GTP-YFP fluorescence increased in the cytoplasm, while ST-CFP fluorescence was redistributed into the ER, as can be seen in Fig. 3C , showing cells 10 h after induction. Surprisingly, the Sar1-GTP-YFP signal labelled puncta that remained even after complete ST-CFP redistribution ( Fig. 3D ) and continued to move over the ER (Fig. 3E , Supplementary movie S1 at JXB online).
Ultrastructure of Sar1-GTP induction
Neither the effects of Sar1-GTP expression in plant cells nor the sequence of events during Sar1-GTP-induced Golgi deconstruction have to date been characterized at the ultrastructural level. Therefore, the sequence of events leading to Golgi fragmentation were investigated. Tobacco leaf samples were prepared for electron microscopy during an 18 h induction time course in parallel with the confocal analysis (Fig. 2) . Figure 4A shows a representative Golgi stack before induction, with a diameter of ;1 lm. The average cisternal diameter before Sar1-GTP induction was 834 nm (Fig. 5) . At 2 h after treatment of leaves with dexamethasone, a decrease to an average of 697 nm was observed, followed by a further reduction to 646 nm after 4 h (Fig. 5) . At 6 h after Sar1-GTP induction, Golgi stacks still looked fairly intact (Fig. 4B ) but with an average cisternal length of 634 nm (Fig. 5) . The reduction in diameter continued over the course of 8 h (Fig. 4C ) to 10 h ( Fig. 4D ) with an average of 598 nm and 513 nm, respectively (Fig. 5 ). This time span corresponded to the first visible change at the confocal level, where ER fluorescence started to increase due to redistribution of the Golgi marker (see Fig. 2 ). Interestingly, the cis to trans polarity and initial number of 5-6 cisternae of the Golgi stacks appeared not to be affected during the first 10 h of Sar1-GTP induction.
From 12 h to 14 h after Sar1-GTP induction, a mixture of mini-Golgi stacks (Fig. 4E ) and vesicular-tubular clusters (VTCs) was observed, which appeared to be Golgi remnants (Fig. 4F, G) . Mini-stacks characteristically possessed 3-4 cisternae with an average cisternal diameter of 431 nm at 12 h and 317 nm after 14 h (Figs 4E, 5), and their size further decreased to an average of 274 nm after 16 h and 188 nm after 18 h (Fig. 5) . At these late time points it became increasingly difficult to find intact Golgi stacks and the remnants varied significantly in diameter, with a mixture of vesicular structures, the smallest measuring only 65 nm, and larger Golgi remnants with a size of 200-270 nm.
Additionally, a number of what appeared to be 'budding sites' on the ER with a diameter of ;60-80 nm were often observed (Fig. 4H) .
To study the Golgi remnant structures with higher fidelity, tobacco leaf samples expressing ST-GFP were high-pressure frozen 16 h and 18 h after Sar1-GTP Sar1-GTP induction in tobacco | 411 induction (Fig. 4I-K) after redistribution of the Golgi marker to the ER had been confirmed using confocal microscopy. Figure 4I depicts a Golgi mini-stack 16 h after induction, which does not show clearly separated cisternae anymore but appears to be in a state of disassembly. At 18 h after induction, fragmented Golgi stacks, often with one or two remaining cisternal structures (Fig. 4J) , and vesicular remnants (Fig. 4K) were observed, as seen by conventional fixation.
To investigate whether Golgi deconstruction occurred in a similar fashion in other tissues, roots of Sar1-GTPinducible tobacco seedlings were fixed before and after dexamethasone treatment using both high-pressure freezing/ freeze-substitution (Fig. 6A-D ) and chemical fixation (Fig. 6E, F ). Similar to the described effects in leaves, Sar1-GTP induction in roots resulted in a sequential deconstruction of Golgi stacks. Root cap cells exhibited a faster response to Sar1-GTP induction than root cells in the elongation zone at the same time point. Figure 6A shows intact and normal sized Golgi stacks in NII control roots treated with dexamethasone for 18 h. In contrast, the diameter and number of Golgi cisternae in Sar1-GTPinduced roots had decreased significantly after 18 h, with mini-Golgi stacks observed in the process of fragmentation (Fig. 6B) . At this time point VTCs (Fig. 6C, D) were common. Clathrin-coated vesicles with an approximate diameter of 60 nm were sometimes found associated with VTCs (Fig. 6E arrowhead) . Occasionally putative budding sites or vesicles near ER membranes were observed, in some cases apparently tethered in a chain (Fig. 6F, arrowheads) .
In general, all Golgi stacks followed the same sequence of events during deconstruction, but with an apparent variation in speed as cells contained a mixture of mini-Golgi stacks and VTCs. However, 16-18 h after induction it became increasingly difficult to find Golgi structures or remnants, as the cells were clearly damaged due to the toxic effect of Sar1-GTP induction.
cis-Golgi matrix proteins label punctate structures after Golgi membrane disruption
To study the effect of Sar1-GTP expression on the Golgi matrix protein AtCASP, the fusion protein GFP-AtCASP was expressed in tobacco epidermal leaf cells together with the Golgi marker ST-mRFP. Three days after infiltration, both markers labelled Golgi bodies (Fig. 7A) . The slightly shifted co-localization signal reflects their respective location within the stack, with GFP-AtCASP labelling the cis-Golgi and ST-mRFP the medial/trans-Golgi face . When GFP-AtCASP, STmRFP, and Sar1-GTP (under control of a 35S promoter) were expressed together transiently and analysed after 2.5 d, the subcellular localization of GFP-AtCASP differed between cells after complete redistribution of ST-mRFP into the ER (Fig. 7B, C) . In some cells GFP-AtCASP fluorescence was observed very faintly in the ER and in punctate structures (Fig. 7B) . In other cells, GFP-AtCASP predominantly labelled the ER (Fig. 7C) . After BFA treatment of tobacco leaf samples only one localization pattern occurred, with GFP-AtCASP labelling both the ER and punctate structures after ST-mRFP had redistributed to the ER (Fig. 7D, 2 .5 h BFA treatment).
When GFP-AtCASP and ST-YFP were expressed in stable Sar1-GTP-inducible plants and the leaves were treated with dexamethasone, the GFP-AtCASP signal was detected faintly in the ER and in puncta after redistribution of ST-YFP into the ER (Fig. 7E) . In contrast to the findings after transient co-expression with Sar1-GTP (Fig. 7B, C) , Sar1-GTP induction resulted in the same phenotype in all cells and this phenotype corresponded to the one observed after BFA treatment. GFP-AtCASPlabelled puncta continued to move over the surface of the ER (Supplementary movie S2 at JXB online). Figure 7F depicts three neighbouring cells in different stages of Golgi deconstruction. Whereas Golgi bodies labelled by both GFP-AtCASP and ST-mRFP in the lower cell still appeared fairly normal in diameter and morphology (arrows), the upper left cell contained significantly smaller Golgi bodies (arrowhead). The cell on the right expressed only ST-mRFP, which already had been completely redistributed to the ER. To confirm that dexamethasone treatment did not affect Golgi labelling, GFP-AtCASP and ST-mRFP were expressed in wild-type plants and treated with dexamethasone for 25 h (Fig. 7G) .
The distribution of sizes of GFP-AtCASP-labelled puncta from Sar1-GTP-induced and BFA-treated cells was measured (Fig. 8) . After Sar1-GTP induction, 78% of GFPAtCASP puncta were between 300 nm and 500 nm, with 44% having a diameter of ;400 nm (205 puncta in 22 cells). After BFA treatment, the sizes ranged from 300 nm to 600 nm (86%, 105 puncta in 63 cells) and the distribution was more equal, with no significantly higher peak at 400 nm. As with GFP-AtCASP, the cis-Golgi matrix protein GFP-GC1 and ST-mRFP labelled Golgi bodies 3 d after infection of wild-type tobacco leaf epidermal cells (Fig. 9A) . When the two constructs were co-expressed with 35S-Sar1-GTP in wild-type leaves, 2.5 d after infiltration, GFP-GC1 localization varied between different cells after ST-mRFP had been redistributed to the ER. Figure 9B shows an example with two cells, one of which shows GFP-GC1 labelling in the ER (Fig. 9B, asterisk) , whereas in the other cell GFP-GC1 fluorescence was observed in the cytoplasm and punctate structures (Fig. 9B, arrowhead) . When leaf samples expressing GFP-GC1 and ST-mRFP were incubated in BFA, the GFP-GC1 signal was found in both the cytoplasm and punctate structures (Fig. 9C , arrowheads) when ST-mRFP had been redistributed to the ER after 2 h. The same labelling was observed when GFP-GC1 and ST-mRFP were co-expressed in stable Sar1-GTPinducible tobacco plants. At 18 h after Sar1-GTP induction, ST-mRFP labelled the ER and GFP-GC1 labelled the cytoplasm and puncta (Fig. 9D , arrowheads, Supplementary movie S3 at JXB online). Because GFP-GC1 puncta appeared in such high numbers and varying sizes, it was not possible to measure them as was done for GFP-AtCASP. Dexamethasone treatment of wild-type leaves expressing GFP-GC1 and ST-mRFP did not affect labelling of Golgi bodies after 25 h (Fig. 9E) .
cis-Golgi matrix puncta co-locate with Sar1-GTP-YFP As ER-associated mobile puncta for GFP-AtCASP and GFP-GC1 after redistribution of ST-mRFP to the ER had been observed, an investigation was conducted to determine whether these structures co-locate with the putative ERES marker Sar1-GTP-YFP. Therefore, GFP-AtCASP or 
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GFP-GC1 was expressed with ST-mRFP and inducible Sar1-GTP-YFP in the NII tobacco plants. At 18 h after dexamethasone treatment, Sar1-GTP-YFP expression had been induced (Fig. 10A, yellow channel) , resulting in redistribution of ST-mRFP into the ER (Fig. 10A, magenta  channel) . Sar1-GTP-YFP-labelled puncta co-located with the punctate structures labelled by GFP-AtCASP (Fig. 10A, green channel, arrowheads) . Similarly, 18 h after dexamethasone treatment, GFP-GC1 (Fig. 10B, green  channel) and Sar1-GTP-YFP (Fig. 10B, yellow channel) co-located in punctate structures where ST-mRFP (Fig. 10B, magenta channel) had been redistributed to the ER (Fig. 10B, arrowheads) . As the puncta were mobile and images were taken in frame capture mode for each fluorophore, all samples were treated with 25 lM latrunculin B to stop movement and allow imaging of the triple co-localization.
Discussion
Inducible Sar1-GTP as a new tool
Expression of a GTP-locked form of Sar1 containing an amino acid exchange from His74 to leucine (Aridor et al., 1995; Andreeva et al., 2000; Takeuchi et al., 2000) has been shown to inhibit vesicular ER to Golgi transport in yeast (Nakano et al., 1994) , in cell-free in vitro assays , and in mammalian cells (Aridor et al., 1995) . Similarly, expressing Sar1-GTP in plant cells resulted in blockage of anterograde transport and redistribution of Golgi markers into the ER (Andreeva et al., 2000; Takeuchi et al., 2000; daSilva et al., 2004) . Transiently expressed Sar1-GTP has been used in plants as a tool to study the effects of ER to Golgi transport inhibition on various proteins within the plant endomembrane system (Phillipson et al., 2001; Pimpl et al., 2003 Pimpl et al., , 2006 Sparkes et al., 2005) .
The dominant-negative mutant Sar1-GTP has been successfully incorporated into an inducible promoter system and the system has been tested using both transient and stable expression (see Figs 1, 2) . After Sar1-GTP induction the fluorescent Golgi marker ST-GFP was redistributed into the ER, corresponding to the phenotype described in previous studies after co-expression with Sar1-GTP and/or BFA treatment (Boevink et al., 1998; Takeuchi et al., 2000; Saint-Jore et al., 2002; daSilva et al., 2004) . The results were confirmed using ERD2-GFP as the second Golgi marker, which as expected was redistributed into the ER after Sar1-GTP induction, as transport of ERD2 between the ER and the Golgi involves a COPII-dependent step (daSilva et al., 2004) . The inducible system in transgenic tobacco plants provides a novel tool to study the effect of inhibiting ER to Golgi transport on proteins within the secretory pathway in a temporally and spatially controlled manner. The currently used method of co-expressing proteins of interest with Sar1-GTP in a binary vector has its limitations. Due to the toxicity of Sar1-GTP, the number of cells expressing both Sar1-GTP and the reporter construct can be very low, and decreases further after prolonged expression due to cell death. Two days after infiltration would be the ideal time point to analyse Sar1-GTP-infiltrated cells, which could be problematical when looking at proteins that take longer to be expressed. Using the Sar1-GTP-inducible system it is possible to co-transfect transgenic tobacco plants with the protein of interest and induction can be started on the day, or the day before, optimal expression levels of the reporter protein are reached. If it is critical to analyse protein expression at specific times after infiltration, the construct of interest can be co-expressed transiently with Sar1-GTP in the NII tobacco plants where ER to Golgi transport can be blocked within 8-9 h after induction. In all the present experiments variability in the length of induction necessary to achieve complete Golgi deconstruction was observed, between different cells in the same sample and also between stable tobacco plants. This is not surprising as biological tissues do not react in a synchronized manner and could be caused by several factors (e.g. expression levels, developmental and physiological state of individual cells, or permeability for dexamethasone). A delay in timing, however, does not appear to affect the sequence of events.
Comparison between inducible Sar1-GTP and BFA
To date, the most commonly used method in both mammalian and plant cells to study Golgi deconstruction has been the treatment of cells with the drug BFA. Although BFA treatment is easy and quick to perform, it has some disadvantages as its effects on the endomembrane system seem to vary between different types of tissue (Satiat-Jeunemaitre et al., 1996; Robinson et al., 2008) and as it appears to affect multiple intracellular targets (Merigout et al., 2002; Geldner et al., 2003; Tse et al., 2006) . Using a dominant-negative Sar1-GTP mutant to block ER exit constitutes a more controlled approach at the genetic level because only one specific step within the secretory pathway is affected. By combining the inducible Sar1-GTP system and BFA treatment to study protein dynamics after Golgi membrane deconstruction, any observed changes in marker protein locations can be confirmed in two systems. As each system acts at a different level within the secretory pathway, artificial side effects related to one method can be excluded more easily. A major difference between the two systems is the time needed to achieve full deconstruction of Golgi membranes. BFA usually disrupts the majority of Golgi bodies within 30 min in BY-2 cells and between 30 min and 60 min in tobacco leaf epidermal cells (Boevink et al., 1998; Saint-Jore et al., 2002) . In contrast, induction of Sar1-GTP takes ;18-24 h to display its full effects. Depending on the biological question and experimental set-up, this temporal delay can be advantageous, as it provides a higher temporal resolution of the processes occurring during the blockage of anterograde transport and Golgi stack collapse. The major advantage of BFA is its reversibility, and it has been shown that Golgi bodies reform after BFA washout (Boevink et al., 1998) . In previous studies it has been reported that the inducible system can be reversed in principal through removal of dexamethasone (Wielopolska et al., 2005) or through addition of IPTG (isopropylb-D-thiogalactopyranoside; Baroux et al., 2001; Craft et al., 2005) . However, these studies were performed in Arabidopsis seedlings, which additionally seem to metabolize dexamethasone more rapidly than tobacco cells (Wielopolska et al., 2005) . A very important and still unknown variable affecting reversibility of this system would also be the half-life of both ER-bound and cytoplasmic Sar1-GTP. In theory ER to Golgi transport could be reinstated either if Sar1-GTP was released from existing but blocked ERES and replaced with wild-type Sar1, or if functional ERES would form de novo. In both cases a sufficiently larger pool of wildtype Sar1 would be needed, which would require degradation of Sar1-GTP in an appropriate time frame to prevent cell death.
Induction of Sar1-GTP expression results in uniform relocation of marker proteins compared with transient Sar1-GTP expression
The location of the two transmembrane domain-containing cis-Golgi matrix proteins GFP-AtCASP and GFP-GC1 upon transient co-expression with Sar1-GTP, Sar1-GTP induction in stable tobacco plants, and BFA treatment in wild-type cells was studied (Figs 7, 9 ). After transient coexpression with Sar1-GTP a mix of cells was observed, and GFP-AtCASP was detected either solely in the ER or in the ER and in small punctate structures. In contrast to that, GFP-AtCASP labelled the ER (albeit faintly) and small puncta consistently in all cells after BFA treatment or Sar1-GTP induction, after ST-mRFP had been redistributed to the ER. It had been expected that GFP-AtCASP fluorescence would be detected in the ER after Golgi disruption, as GFP-AtCASP is transported to the Golgi apparatus in a COPII-dependent manner through its di-acidic ER export motif . Although the transmembrane domain protein GFP-GC1 was expected to relocate into the ER after Golgi deconstruction as well, its signal was observed in the cytoplasm and in punctate structures of varying size.
During transient expression cells are transfected with all constructs at the same time, meaning that expression of marker proteins and Sar1-GTP will start at approximately the same time and expression levels of each protein can vary between cells. Therefore, it is possible that ER to Golgi transport is blocked at a very early stage in some cells, leading to retention of GFP-AtCASP or GFP-GC1 fluorescence in the ER, whereas in other cells this blockage might occur at a later stage, leaving Golgi markers enough time to be transported to their destinations. In contrast, using the inducible Sar1-GTP system, cells are analysed 2-4 d after transfection and only then treated with dexamethasone. In this time frame, marker proteins will have obtained their steady-state level, and a mixture of phenotypes after blocking ER to Golgi transport can be avoided. In the case of coiled-coil proteins this appears to be vital, as they might be tethered to other proteins or structures of unknown identity after their ER exit and therefore be retained in remnant structures after Golgi membrane disruption.
Ultrastructure of Golgi deconstruction
At the ultrastructural level a decrease in the diameter of Golgi cisternae was observed after Sar1-GTP induction, Fig. 10 . cis-Golgi matrix puncta co-locate with Sar1-GTP-YFP puncta. Confocal images showing GFP-AtCASP and GFP-GC1 (green channel), Sar1-GTP-YFP-pV-TOP (yellow channel), and ST-mRFP (magenta channel) expressed together transiently in NII tobacco epidermal leaf cells, 18 h after induction of Sar1-GTP-YFP. Samples were treated with 25 lM latrunculin B prior imaging to stop Golgi movement. GFP-AtCASP, GFP-GC1, and ST-mRFP were infiltrated at OD 600 ¼0.1, and Sar1-GTP-YFP at OD 600 ¼0.03. (A) GFP-AtCASP puncta co-located with punctate structures labelled by Sar1-GTP-YFP after redistribution of ST-mRFP into the ER (arrowheads). Scale bars¼5 lm. (B) Puncta labelled by GFP-GC1 co-located with Sar1-GTP-YFP-labelled puncta after ST-mRFP had been redistributed to the ER (arrowheads). Scale bars¼10 lm.
Sar1-GTP induction in tobacco | 417 followed by stack fragmentation and accumulation of vesicular clusters, a sequence of events which was observed in leaf and root tissues (Figs 4-6 ). In the later stages accumulations of vesicles or 'budding sites' were observed at certain regions of the ER, some of which appeared to be tethered together. Studies in mammalian cells showed that at the ultrastructural level inhibition of Sar1-GTP hydrolysis led to the formation of COPII-coated vesicles failing to detach from the ER membrane (Bielli et al., 2005) , and in the formation of vesicular clusters similar to 'beads on a string' (Bannykh et al., 1996) and tubular structures (Aridor et al., 2001) . Whether the budding sites observed in the present study represent COPII structures being unable to detach from ER membrane is unclear and can only be addressed by immunolabelling with COPII-specific antibodies, although Langhans et al. (2007) failed to immunolocalize COPII components after BFA removal from BY-2 cells. Generally, the sequence of events during Sar1-GTP-induced Golgi deconstruction is morphologically very similar, although in reverse, to the process of Golgi stack reformation after BFA wash-out in tobacco BY-2 cells (Langhans et al., 2007) . Similar Golgi structures with only very few Golgi cisternae and vesicular accumulations as well as ER-located budding profiles or vesicles have also been reported after BFA treatment in BY-2 cells , but ER-Golgi hybrid stacks were never observed after Sar1-GTP induction.
In late stages, vesicles with electron-opaque coats similar to clathrin-coated vesicles (CCVs) were observed in close proximity to the VTCs. One possible explanation could be that these clusters represent late trans-Golgi remnants or the trans-Golgi network (TGN) which still retains activity. It is, however, unknown how long a separate TGN could exist in a cell after cessation of Golgi activity. An additional role for clathrin in the reassembly of Golgi cisternae after their fragmentation caused by treatment with 1-butanol or BFA has been suggested in mammalian cells (Radulescu et al., 2007) . Vesicular-tubular structures with interconnected cisternal structures have also been described in the early stages of Golgi stack reformation in BY-2 cells (Langhans et al., 2007) and Chlamydomonas . Maybe these clusters represent a very basic, undifferentiated Golgi stack in the process of establishing or, in case of Sar1-GTP induction, trying to regain function and polarity.
Do plant ERES contain elements of the cis-Golgi matrix?
The present results suggest that it might be possible for ERES marked by Sar1-GTP-YFP to exist without associated fully assembled Golgi bodies, and that they might contain elements of a cis-Golgi matrix or be associated with early cis-Golgi structures. An attempt was made to confirm the observations using the COPII protein YFP-Sec24, which has been used as an ERES marker in plants (Stefano et al., 2006a ), but it was not possible to obtain a reasonable number of cells where ST-CFP had been redistributed into the ER (data not shown). It is possible that co-expression of YFP-Sec24 counteracts or slows down the toxic effects of Sar1-GTP.
Due to a lack of established antibodies labelling the endogenous golgins, the possibility cannot be excluded that these punctate structures may represent aggregates due to the excessive presence of coiled-coil proteins. However, similar observations have been described in mammalian cells (Ward et al., 2001; Yoshimura et al., 2004) , where Golgi matrix proteins co-located with the COPII coat protein Sec13-YFP in remnant structures after BFA treatment or Sar1-GTP expression. In contrast, upon coexpression with the inactive dominant-negative mutant Sar1-GDP no remnants were found and all markers relocated to the ER (Puri and Linstedt, 2003; Stroud et al., 2003) . The authors suggest that the cis-Golgi matrix might nucleate formation of the Golgi apparatus, but remains a dynamic structure itself and depends on the activity of ERES. Matrix proteins might also play a role in the formation and differentiation of ERES themselves (Altan-Bonnet et al., 2004) . Activation of Sar1 into its GTP-bound form would result in the differentiation of ERES and COPII-mediated sorting of integral membrane proteins and regulatory molecules such as Rab1. Tethering factors might then be recruited to the ERES and recruit other proteins involved in Golgi stack formation (Altan-Bonnet et al., 2006) .
A possible role for Sar1 and cis-Golgi matrix proteins in ERES differentiation and Golgi stack assembly might also explain the higher number of GFP-AtCASP puncta after Sar1-GTP induction compared with BFA treatment, as well as the significantly higher occurrence of punctate structures with a size of 400 nm. It has been shown that BFA treatment of cells expressing fluorescent COPII marker proteins resulted in the redistribution of their signal from ERES into the cytoplasm (daSilva et al., 2004; Hanton et al., 2009) . A significantly higher number of GFPAtCASP puncta was observed in a much lower number of cells after Sar1-GTP induction compared with cells treated with BFA (Fig. 5 ). This could indicate that co-expression of GFP-AtCASP and Sar1-GTP stabilizes ERES and possibly Golgi structures. By relating the sizes of GFP-AtCASP puncta after Sar1-GTP induction obtained through confocal imaging to the ones observed at the ultrastructural level GFP-AtCASP might locate to mini-Golgi stacks or the vesicular-tubular remnants found after prolonged induction. However, this hypothesis would need to be confirmed using antibodies against the endogenous proteins.
The composition and organization of plant ERES remain largely unknown. Recently it has been shown that overexpression of the cis-Golgi SNARE SYP31 in tobacco leaves led to redistribution of ST-CFP into the ER, whereas YFP-SYP31 continued to label punctate mobile remnants, which exhibited BFA resistance (Bubeck et al., 2008) . It is possible to imagine that a dynamic ERES scaffold involved in nucleation of Golgi stack formation as it has been proposed in animal cells (Stroud et al., 2003) could also exist in plant cells . Such a scaffold or 'platform' might incorporate ER membrane-associated proteins such as Sec12 and Sec16, the COPII coat protein Sar1 (Watson et al., 2006) , cis-Golgi matrix proteins , and also cis-Golgi SNARES . This model is supported by the recent laser tapping data showing that Arabidopsis leaf Golgi stacks are firmly attached to tubular ER. On occasions when free Golgi can be captured by a laser trap, they appear to be sticky and have the ability to re-capture ER tubules, indicating the presence of matrix or tethering proteins (Sparkes et al., 2009) .
Conclusion
In summary it has been demonstrated that a Sar1-GTPinducible system can be successfully used to induce deconstruction of the Golgi. It is envisaged that this system will be useful in the future to study the effects of a controlled ER exit block on proteins within the secretory pathway as well as the composition of early Golgi structures and ERES.
Supplementary data
Supplementary data are available at JXB online. Movie S1. Time lapse series of confocal images taken over 22 s showing ST-CFP (green) and inducible Sar1-GTP-YFP-pV-TOP (magenta) transiently co-expressed in NII tobacco epidermal leaf cells. Twenty-four hours after dexamethasone treatment, ST-CFP had been redistributed to the ER. Sar1-GTP-YFP still labels punctate structures, which continued to move over the ER. Scale bar¼5 lm.
Movie S2. Time lapse series of confocal images taken over 33.1 s, showing GFP-AtCASP (green) and ST-YFP (magenta) expressed in inducible Sar1-GTP tobacco leaf epidermal cells 28 h after dexamethasone treatment. GFPAtCASP labelled mobile punctate structures after redistribution of ST-YFP into the ER. Scale bar¼2 lm.
Movie S3. Time lapse series of confocal images taken over 49 s, showing GFP-GC1 (green) and ST-mRFP (magenta) expressed in inducible Sar1-GTP tobacco leaf epidermal cells 23 h after dexamethasone treatment. GFP-GC1 labelled the cytoplasm and mobile punctate structures after ST-mRFP had been redistributed to the ER. Scale bar¼2 lm.
